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Abstract
One of the decisive factors in reducing the intensity of energy consumption is the use of energy-saving technologies in 
construction. The overall strategy for the development of energy efficient buildings starts with search of ways and means to 
reduce the energy-requirements - optimal use of natural energy resources. The trend of the new millennium is decentralization of 
power production. Accordingly, each building is regarded as an autonomous power plant. Limitations of using this source of 
renewable energy (RES), in urban development, such as wind power, are associated primarily with the noise that wind turbines 
make in the process of use.The article discusses the possibility of using multilayer composite materials in blades of perspective 
wind turbines and their comparison with peers from other materials.
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1. Introduction
• Since the end of the last century, "green" construction became popular, i.e. construction with minimal impact on 
the environment, which is achieved through:
• effective use of renewable energy and other resources;
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• attention to the maintenance of residents’ health and improvement of the workers’ efficiency;
• reducing waste, emissions and other environmental impacts.
In countries, where building "green" cities is developing, the national standards are created, international green
standards are adapted, which take into account the socio-economic and natural conditions of the country. For 
example, standards about reasonability of the introduction of such recommendations  in the southern regions of 
Kazakhstan as autonomous electric power generation by wind turbines and solar panels.
The widespread use of wind turbines in the construction of "green" cities is limited by aerodynamic noise that is 
produced by these turbines’ blades during strong winds, causing discomfort to the residents of nearby houses. 
Constructors of perspective wind turbines see the solution to this problem as a change in the profile and the 
application of new materials. In the design of blades of wind turbine’s fans, there is a transition from the shape, close 
to the rods with a twist and high aspect ratio, to shapes of the type of plates with low aspect ratio, high twist and 
flexure. Instead of modern metal alloys, intermetallic compounds, metal matrix composites and ceramic matrix 
composites begin to be applied [1,5-15]. With the improvement of methods for the calculation of modern wind 
turbines, geometric characteristics, and aerodynamic and temperature loads of bladed disks and drum become more 
certain, which  makes it possible to apply the numerical methods to determine the strained-deformed state (SDS) of 
blades. Prospective models of windmill have blades with a large sweep angle, twisted spanwise and curved about the 
axis of rotation. These blades must work in a very complex and difficult aeromechanical conditions.
Similar designs have been well known, but still there were the lack of means for their calculation and materials 
for their production. Today, thanks to the emergence of high-speed computers and complex engineering software, as 
well as the availability of modern composite materials, it is possible to make a more thorough and accurate analysis 
of advanced windmill blades. Therefore, using the materials obtained in [1-3], has been made a calculation program 
on computer, that allows numerically determine SDS of blades from composite material (CM).
2. Research
A program designed for the study of SDS of naturally spun layered rod construction, which are under the 
combined effect of tensile forces, bending and twisting moments or under the effect of centrifugal force. Each layer 
of the studied section of the rod consists of an orthotropic material with 9 independent elastic constants. At that the 
goal-oriented regulation of general properties of a certain material can be made by selecting the scheme of fibers’ 
laying in separate layer, as well as by placement of the layers with known properties in the cross section. This is 
achieved by changing the angles M i between the main directions of material’s elastic symmetry in the layer and axes 
in which SDS of body is investigated. The number of independent elastic constants of the layer’s material will 
generally be equal to 13 [1].
The cross section of the considered rod constructions is arbitrary. The input parameters of the program are the 
coordinates of the line, which limits a separate arbitrary plane section, usually defined in the working drawings of 
the project. This line is divided into two parts (conventionally called "back" and "trough"), which is adjacent to the 
two outer cross-sectional layer. Coordinates of outer surface of mentioned layers are defined. Based on these initial 
data using a special procedures, the section of arbitrary configuration is divided into individual layers at a defined 
thickness tc of monolayer [4]. Thus formed numbers of each layer’s beginning and end. Such constructions held for 
a number of successive sections of the rod (Fig. 1). Since the cross-sectional dimensions may vary along the length 
of the rod, then the number of layers in each section may be different. This determines the appearance of short layers 
within the section. Taken from different sections the start and end coordinates of one layer determine the length of 
the lobe in the current section of the rod.
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Fig.1. The constructed layers of blade’s cross-sections; numbers of blade’s sections correspond to sections remote from its root section
Consequently, the program solved the technological problem of "pattern cutting" of each layer of the rod on the 
petals in planes parallel to the axis of the rod.
To research the SDS of layered rod is used the basic relation of developed technical theory of layered rods [1-5]. 
Based on this theory, for each section are calculated the tension strain H, change of curvature F1, F2 and spinup W, as 
well as the tensions i12
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The input parameters for the program are tension force P, the bending M1, M2 and rotational moments Mt and 13 
elastic constants of each layer [1] for the current layer. Coordinates and number of constructed layer points are also 
input parameters for the current section.
To research rod’s SDS in the centrifugal force field, the tension force operating in the current section is calculated 
by formula
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where F(r1) - cross-sectional area, r, R - distance from the axis of rotation to gravity center of current r and 
peripheral R section, respectively (Fig. 2), Z S1 - angular rate (rad.turns/sec.), where N – rotation frequency
(turns/min), r1- integration variable, U - material density of layer section.
Thus, the force P in the current section r is equal in value to centrifugal force of inertness, developed by the part 
of the layered rod, concluded between considered section r and a peripheral section R.
Calculation of the centrifugal force by the formula (Eq. 1) and the coordinates of the center of gravity of the 
current section requires information on the geometrical characteristics of all sections. For this are firstly calculated,
using a special procedure, 15 geometric characteristics, and the given densities of all sections.
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Fig.2. The distance from the rotation axis to the center of gravity of the current r and peripheral R section
Centrifugal force is calculated for the current section r by the approximate for the (Eq. 1) formula
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Further, for the current section the SDS of layered rod is studied. Tension deformations H, curvature changes F1,
F2 and spinup W are determined, physical and geometrical characteristics of layer and the whole section are 
calculated.
The program, used in the following calculations, currently is used for analysis of blades' SDS at the stage of 
conceptual design.
The considered blade model is a variant of the full-scale blade of windmill plant’s rotor. This blade has been 
designed and manufactured so as to keep constructive and aerodynamic equivalence of real blade. Blade,
investigated in this paper, consists of three sections. Fig. 3 shows the change of the biggest thickness cmax, the 
relative angle of torsion W0 depending on r. Chord length is constant and equal to 130 mm., N = 1000 turns/min, the 
length from the root to the peripheral section is 375 mm.
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Fig.3. Changing the angle of torsion per unit length of the blade W0 and cmax over the length of the blade
2.1. Calculation
As an example by the described programme was calculated blade from composite material in a centrifugal force 
field. The study was held for three different variants of combinations of elastic constants in the package of composite 
blades layers.
The first option (a) considered the blade consisting of alternating ceramic layers from the back and trough (Sic).
The second option (b) considered the blade consisting of alternating boroaluminium layers from the back and 
trough (BAL).
In a third option (c) considered the blade consisting of alternating fiberglass layers from the back and trough.
3. Analysis of calculation results
Tension force P during the rotation of the blade was calculated by formula (Eq. 1) for each of its sections r/R0.
Average values of tension stresses Vav in conditional untwisted blade reach the maximum values in the 2d section. 
This is due to the fact that the force P in the third section is different from the force in the root by 15%, while their 
areas differ by 40%. For the blades of the 2d type averaged stress Vav is higher than the corresponding values in the 
blades of 1, 3 types. This is due to the fact that the blade of the the 2d type has a higher level of centrifugal load.
Based on the calculation results are constructed contour lines of distribution of normal motion W along the length 
of the blade for the back and trough (Fig. 4-6). As can be seen from the figure the normal motions W on the 
peripheral section have the maximum values. On the leading edge of back from root section to the third section 
motions W increases 4-5 times, and on thin trailing edge they grow 10 times. Distribution of normal motion W on 
the back is more even in comparison with the trough of the blade. At the trough the concentration of big motions W
is observed in the second section of the blade. Therefore, to increase the blade’s strength, it is necessary to change 
the layers from the trough side by materials more rigid to the tension.
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Fig.4. Motion distribution of U and V on the back along the length of the blade of: a - silicized carbon, b - boro aluminium, c - fiberglass
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Fig.5. Deformation distribution of Ux and Vy on the trough along the length of the blade of: a - silicized carbon, b - boroaluminium, c -
fiberglass
Fig.6. Motion distribution W on the back and deformation Wz on the trough along the length of the blade of: a - silicized carbon, b -
boroaluminium, c - fiberglass
Fig. 7-9 shows the distribution of normal stress Vzz  on the back and on the trough along the length of the blade. 
Maximum normal stress is distributed at the root section of the blade (point M), as the root section of the blade is 
fixed rigidly. If this is not taken into account, the maximum stresses are reached in the second section of the blade 
and the concentration of the normal stress on the trough is 1.5-2 times larger than normal stress on the back. The 
concentration of the normal stress on the third section is 9-10 times smaller than its values at the root section.
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Fig.7. Stress distribution Vxx and Vyy on the back along the length of the blade of: a - silicized carbon, b - boroaluminium, c - fiberglass
Fig.8. Stress distribution Vxx and Vyy on trough along the length of the blade of: a - silicized carbon, b - boroaluminium, c - fiberglass
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Fig.9. Normal stress distribution of Vzz on the back and on the trough along the length of the blade of: a - silicized carbon, b - boroaluminium,
c - fiberglass
Fig. 10 shows the distribution of shear stress Vyz on the back and on the trough along the length of the blade. The 
highest shear stresses are distributed on the second section of the blade. The maximum local tensile shear stress Vyz
is reached at the root section at the front edge of the back, and a compressing - on the trough’s trailing edge and the 
value (point N) is 2 times larger in comparison to the values Vyz at the front edge of back (point M). It is known, 
such concentration of shear stresses in thin layers can lead to local loss of strength of the blade. Consequently, the 
occurrence of the above values of shear stresses in the blades may not be valid. Experimentally, it was established 
that the assurance factor for the shear stresses between the layers must currently not be less than three [4].
Fig.10. Shear stress distribution Vxy on the back and trough along the length of the blade of: a - silicized carbon, b - boroaluminium, c -
fiberglass
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Fig. 11 shows the distribution of shear stress Vxz on the back and on the trough along the length of the blade. The 
maximum shear stresses are distributed on the second section of the blade. The maximum local tension shear 
stress Vxz is reached in the second section on the back, and a compressive - on the trough. Shear stresses Vxz in size 
are half as much as the shear stresses Vyz and distributed on a relatively thick layers of back and trough. Therefore, 
in comparison with the shear stresses Vyz their influence on the overall strength of the blades is small.
Fig.11. Shear stress distribution Vxz on the back and trough along the length of the blade of: a - silicized carbon, b - boroaluminium, c -
fiberglass
Shear stresses Vxy reach its maximum value in the second sections (point N) (Fig. 12). In comparison with the 
values of shear stresses Vyz , Vxz, shear stress Vxy is small. Therefore, it can be ignored in the calculations
Fig.12. Shear stress distribution Vyz on the back and trough along the length of the blade of: a - silicized carbon, b - boroaluminium, c -
fiberglass
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Fig. 13 shows the blade deformation relative to the axis 0x (dot lines). The biggest change is in the third section 
of the blade. Compressive deformation value relative to 0x axis on the trailing edge is 3 times larger than on the 
leading edge of the blade. Due to this in thin layers of the trailing edge may occur local loss of strength and these 
layers must be replaced with materials with the properties more resistant to compression.
Fig.13. Motion distribution U relative to the axis 0x (dot lines) on the trough along the length of the blade from: a - silicized carbon, b -
boroaluminium, c - fiberglass
Fig. 14, 15 shows the deformation of the blade relative to the axis 0y (dot lines). The biggest change is in the third 
section of the blade. The value of tension deformation with respect to the axis 0y on trailing edge is 2 times larger
than on the output edge of the second section of the blade and in its value is three times larger than the compressive 
deformation relative to the axis 0x. Therefore, in thin layers of the trailing edge, to avoid loss of strength from the 
compressive and tension deformation, these layers should be replaced by materials with the properties more resistant
to tension and compression.
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Fig.14. Motion distribution V relative to the 0y axis (dot lines) on the back and on the trough along the length of a blade: a - silicized carbon, 
b - boroaluminium, c - fiberglass
Fig.15. Motion distribution W relative to the axis 0z (dot lines) on the back and the resulting medium stress on trough along the length of the 
blade of: a - silicized carbon, b - boroaluminium, c - fiberglass
Fig. 16-19 shows the contour lines of normal stress distribution in Vzz in 2, 3 sections of the blade. The figure 
shows that the concentration zone of the normal stress Vzz on the trough is larger in its value by 20% than the normal 
stress Vzz on the back and maximum normal stresses occur on the second section of the blade. Maximum normal 
stresses Vzz occur in the layers close to the gravity center of trough and concentration of normal stress of the 2nd 
section is 2-3 times largers than the value of the normal stresses of the 3rd section of the blade. Therefore, the 
material of the layers close to the gravity center of the section should be selected with the properties more resistant 
to tension.
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Fig.16. Normal stress distribution Vzz (kg/mm2) in the second section of the blade of: a - silicized carbon, b - boroaluminium, c - fiberglass
Fig.17. Normal stress distribution Vzz (kg/mm2) in the 3rd section of blade of: a - silicized carbon, b - boroaluminium, c - fiberglass
Fig.18. Stress distribution Vyy (kg/mm2) in the 2nd section of the blade of: a - silicized carbon, b - boroaluminium, c – fiberglass
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Fig.19. Stress distribution Vxx (kg/mm2) in the 2nd section of the blade of: a - silicized carbon, b - boroaluminium, c - fiberglass
Thus, the distributions of shear stress Vxy in 2, 3 blade sections show that the shear stress concentration zone Vxy
is less on the value by 200% - 300% than that of the normal stress Vzz and the greatest shear stresses Vxy occur on 
the third section of the blade. The greatest shear stresses Vxy occur close to the gravity center layers of trough and 
concentration of shear stresses of the 3rd section is 20-30 times larger from the value of the shear stresses of the 2nd 
section of the blade. In thin layers (3d section) of the input and output edges of the blade, compressing shear stresses 
are distributed evenly and their values are four times bigger than the maximum value (layers close to the gravity 
center) of compressing shear stresses. Therefore, the materials in the layers close to the center of gravity should have 
the properties more resistant to tension and compression.
Contour lines of distribution of shear stress Vyz in 2, 3 blade sections show, that the area of distribution of the 
shear stress Vyz is less on the value 40-50 times than the normal stresses Vzz and  the greatest shear stresses Vyz occur 
on the second section of the blade. The maximum tensile shear stresses Vyz are distributed in layers of the blade’s 
input edge and are insignificant in their values.
Contour lines of distribution of shear stress Vxz in 2, 3 blade sections show that the area of distribution of the 
shear stress Vxz is less in its value 4-5 times than that of the normal stresses Vzz and the greatest shear 
stresses Vxz occur on the second section of the blade. The maximum tensile shear stresses Vxz are distributed in 
layers on the middle part of the back and at the trough - compressing shear stresses. In thin layers (2 section) of the 
output edge of the blade compressing shear stresses are distributed evenly and are insignificant in their values. The
maximum shear stresses Vxz are 5-10 times larger than the values of shear stress Vyz and are 4-5 times less than the 
normal stress. Therefore for the layered thin rods the effect of shear stress Vxz must be taken into account.
4. Conclusions
Thus, in the studied examples it is shown that by selecting the material of individual layers or method of armoring
it is possible in wide ranges to control the levels of stress and strain at the same physical speed of the rotor. There is 
no such wide opportunities of control for blades of an isotropic material [16-20].
Thus, at a given geometrical shape of the blade, selected by aerodynamical reasons, through cross armoring of its 
layers, stresses level Vzz can be reduced, also avoiding high compressing stresses at the edges of the profile and to 
achieve a more even distribution of them(Vzz) over the cross section.
The calculations of blades of specific types showed, the angle of spinup of the peripheral section of the blade can 
be reduced by increasing the torsional rigidity with cross sheathing of the layers, as well as by applying in the 
package of material layers of rigid in tension material. With increasing level of relation of stiffness characteristics of 
layers, the irregularity of the normal stresses in the cross section and the amount of shear stresses between the layers 
increase. The presence of large shear stresses between layers arises from the different stiffness of the contacting 
layers. A smooth transition of properties of the material from layer to layer is required.
Under these conditions, it possible to reduce the aerodynamic noise produced by wind turbines’ blades, and to 
achieve the widespread introduction of autonomous wind turbines in the construction of "green" cities.
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